Introduction {#S0001}
============

Flibanserin (FLB) was initially developed as an antidepressant.[@CIT0001] The observed increased libido as a side effect in female patients led to its adoption for the treatment of female sexual interest/arousal disorder (FSIAD).[@CIT0001],[@CIT0002] Following its widespread adoption, FLB was approved in 2015 by the Food and Drug Administration (FDA) as the first drug for treatment of hypoactive sexual desire disorder (HSDD) in premenopausal women.[@CIT0003] The postulated mechanism of drug action is based on being a multifunctional serotonergic agent that has an agonist action on postsynaptic 5-HT~1A~ receptors and an antagonistic action on postsynaptic 5-HT~2A~ receptors. Thus, this action on the serotonin receptors in the prefrontal cortex (PFC) is hypothesized to enhance sexual desire through increasing downstream release of dopamine and norepinephrine, while decreasing serotonin release.[@CIT0004],[@CIT0006] However, FLB suffers from limited oral bioavailability of about 33%, which could be attributed mainly to the drug's considerable first-pass metabolism.[@CIT0001] In addition, FLB is a weakly basic drug with a pH-dependent solubility; it is soluble in 0.1N HCL and insoluble in phosphate buffer at pH 6.8.[@CIT0006] This solubility feature may be a challenging factor for drug dissolution in the body neutral fluid, and subsequently, absorption via mucosal barriers.

Nasal delivery has recently gained a great consideration as a highly vascular, convenient, and non-invasive route for drug delivery that is able to surpass the presystemic metabolism of many drugs.[@CIT0007] In addition, the unique anatomy of the nasal cavity, which permits absorption via the olfactory trigeminal regions, could provide a route that surmounts the blood--brain barrier (BBB), and, thus, offers direct delivery of the drugs to the brain.[@CIT0008] Previous researchers have evaluated and demonstrated the effectiveness of the nasal route for brain delivery of drugs.[@CIT0009],[@CIT0010]

Various lipid-based nanocarriers have installation for improving the solubility and, consequently, the bioavailability of hydrophobic drugs.[@CIT0011],[@CIT0013] Moreover, they have demonstrated high potential for brain targeting by virtue of their nano-scale size and their lipid content that aids the passage of small particles through the nasal route and directly across the BBB via passive diffusion. They also have the advantage of reduced toxicity and better biocompatibility compared to polymeric micelles.[@CIT0014],[@CIT0015]

Liposomes, the primary lipid nanocarriers, were applied for drug targeting to the brain despite their limitations that include low drug loading efficiency, rapid clearance through the reticuloendothelial system, and poor stability. Solid lipid nanoparticles (SLN) have been introduced as an alternative to liposomes and polymeric nanocarriers. Additionally, they have a better safety profile than the polymeric nanoparticles due to avoidance of organic solvents during preparation. In addition, they offer prolongation of drug release and higher stability in comparison to liposomes.[@CIT0014],[@CIT0016] However, the major disadvantage of SLN is the possibility of drug expulsion and uneven drug incorporation owing to their crystalline structure. Accordingly, nanostructured lipid carriers (NLCs) have been proposed as a second-generation SLN to overcome the aforementioned drawbacks.[@CIT0017],[@CIT0018] NLCs comprise a blend of solid and liquid lipids with different spatial arrangements that provide a larger distance between the glycerides' fatty acid chains and result in defects in the crystalline structure. The unique unstructured matrix of NLCs could potentially improve drug loading and impede expulsion of active molecules or leakage during storage.[@CIT0017],[@CIT0019],[@CIT0023] Recently, NLCs have been widely employed as a promising delivery system for brain targeting of versatile drugs via the nasal route.[@CIT0008],[@CIT0024],[@CIT0025]

In this work, the potential of employing nanostructured lipid carriers loaded in situ gel for enhancing nose-to-brain delivery of FLB has been explored. Box--Behnken design was applied for optimization of FLB-NLCs. The optimized FLB-NLC formulation was assessed for morphology and stability, and then incorporated into gellan gum in situ gel. The prepared FLB-NLC in situ gel was then evaluated for in vitro release behavior and in vivo pharmacokinetic performance in rats.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Flibanserin was purchased from Qingdao Sigma Chemical Co., Ltd. (Qingdao, China). Compritol^®^ 888 ATO (Glyceryl behenate) and Gelucire^®^ 44/14 were provided by Gattefossé (Saint-Priest, France); Sweet almond oil was purchased from Sigma-Aldrich Co. (St Louis, MO, USA), and L-phosphatidylcholine (soya 95%) was purchased from Avanti Polar Lipids (Birmingham, UK). All other reagents and chemicals were of analytical grade.

Preparation of FLB-NLCs {#S0002-S2002}
-----------------------

FLB-NLCs were prepared by hot emulsification--ultrasonication method.[@CIT0026] In all formulations, the total lipid phase was kept constant at 10% w/v. Briefly, specified amounts of glyceryl behenate (solid lipid, SL), sweet almond oil (liquid lipid, LL), L-phosphatidylcholine (amphiphilic emulsifier, 2%w/v), and FLB (50 mg) were blended and heated to 70°C under stirring to form a uniform lipid phase. Gelucire^®^ 44/14 (hydrophilic emulsifier, 1.5% w/v) was then dissolved in distilled water and heated to 70°C. The hot aqueous phase was then added dropwise to the melted lipids, and the formed dispersion was homogenized by an IKA Ultra-Turrax T8 homogenizer (IKA, Wilmington, NC, USA) at 20,000 rpm at the same temperature for 3 minutes. The obtained pre-emulsion was ultrasonicated by Sonics Vibra Cell VCX750 (Sonics & Materials Inc., CT, USA) at 35% amplitude, 750 W, 20 kHz at the specified sonication time (ST). The dispersion was cooled for 12 hours at 4°C. The prepared formulations were then kept in a refrigerator for further investigations.

Experimental Design for Optimization of FLB-NLCs {#S0002-S2003}
------------------------------------------------

A three-variable Box--Behnken design was employed to optimize the formulation of FLB-NLCs using Statgraphics Plus, Version 4 (Manugistics Inc., Rockville, MD, USA). Solid lipid percent (X~1~), liquid lipid percent (X~2~), and sonication time (X~3~) were studied as variables in the ranges of 0.6--0.9% w/v, 0.1--0.4% w/v, and 1--5 minutes, respectively, while the particle size (Y~1~, nm) was investigated as a response parameter. The ranges used in the study and the percentage of both amphiphilic and hydrophilic emulsifiers were selected based on preliminary investigations (data not shown). The coded levels of each factor and their corresponding actual values are depicted in [Table 1](#T0001){ref-type="table"}. Fifteen experimental runs were generated as per the experimental design. The actual values of the independent variables and the observed values for the response parameter are compiled in [Table 2](#T0002){ref-type="table"}. Analysis of Variance (ANOVA) was applied to statistically analyze the measured response data. The polynomial equations corresponding to the best fitting model, Pareto chart, and contour plots were generated to assess the effect of the investigated variables and interaction between them at 95% level of significance. Furthermore, the composition of the optimized FLB-NLC with minimized particle size was predicted utilizing numerical optimization. The proposed optimum formulation was practically prepared and characterized for particle size. The measured particle size was compared to the predicted one for residual calculation to ensure the validity of the optimization process.Table 1Independent Variables and Responses Used in the Box--Behnken Design for the Formulation and Optimization of FLB-NLCsIndependent VariablesLevels(−1) (0)(+1)X~1~: Solid lipid %0.60.750.9X~2~: Liquid lipid %0.10.250.4X~3~: Sonication time (min)135**ResponsesDesirability constraints**Y~1~: particle size (nm)Minimize[^1] Table 2Experimental Runs and the Observed of Particle Size of FLB-NLCs Prepared According to Box--Behnken DesignExperimental Run \#Independent VariablesParticle Size (nm)±SDSL (%)LL (%)ST (min)NLC-10.750.253173±2.56NLC-20.90.1386±1.21NLC-30.750.253174±2.14NLC-40.60.43284±5.28NLC-50.90.11205±3.56NLC-60.60.4392±1.47NLC-70.750.253171±1.89NLC-80.60.41198±2.19NLC-90.60.45168±1.59NLC-100.90.13241±3.36NLC-110.90.15154±1.98NLC-120.750.251115±2.11NLC-130.750.25565±0.98NLC-140.750.251287±4.45NLC-150.750.255241±3.65[^2]

Particle Size Measurement {#S0002-S2004}
-------------------------

Dynamic light scattering technique was utilized to determine the particle size of FLB-NLCs (z-average) using a Nano-ZS particle size analyzer (Malvern Instrument, Worcestershire, UK). Samples were sufficiently diluted with the formulation's aqueous phase prior to measurement to achieve an optimum count of 50--200 kilo-counts per second (kcps). The mean particle size was computed as the average of five measurements.

Characterization of Optimized FLB-NLCs {#S0002-S2005}
--------------------------------------

For investigation of vesicle size, polydispersity index (PDI), and zeta potential of the optimized FLB-NLC, the same method mentioned in section (2.4) using a Malvern size analyzer was followed. Also, transmission electron microscopy (Philips XL30, Eindhoven, Netherlands) was used to investigate the shape of the optimized FLB-NLC. One drop of the diluted NLC dispersion was applied on a carbon coated grid and left for 3 minutes to allow its adsorption on the carbon film. The adsorbed NLCs were then stained with phosphotungstic acid (1% w/v, pH 6.8). The grid was air-dried thoroughly after removal of excess stain. The sample was examined with 30,000X magnification. To study the stability of the optimized FLB-NLC, three freeze--thaw cycles (between −20°C and +25°C) were performed. The particle size was then measured and compared to those of freshly prepared NLCs.

Preparation of FLB-NLC in situ Nasal Gel {#S0002-S2006}
----------------------------------------

Briefly, gellan gum (0.6%, w/v) was spread over boric/borax buffer (pH 7.4) at 80°C and the mixture was subjected to continuous stirring till obtaining a clear polymeric dispersion.[@CIT0027],[@CIT0028] The resulting dispersion was left overnight to cool. The formed dispersion was then integrated into the prepared gellan gum dispersion to yield a final FLB concentration of 10 mg/g. The prepared gel was kept for 24 hours in the refrigerator before evaluation. A control in situ gel formulation containing raw FLB was prepared at the same concentration for comparison.

The prepared FLB-NLC in situ *nasal gel* formulation was evaluated for viscosity and gelation before and after addition of simulated nasal fluid (SNF).[@CIT0029],[@CIT0030]

In vitro Release Study {#S0002-S2007}
----------------------

The dialysis bag technique was carried out to study in vitro release of FLB from the optimized FLB-NLC in situ nasal gel in comparison to control raw FLB in situ gel. The specified weight of the gel was placed in the dialysis bags with a 14 kDa molecular weight cutoff (MWCO) (Sigma-Aldrich Co.) and immersed in 500 mL simulated nasal fluid, PH 6.5 at 37°C in a using USP Dissolution Tester, apparatus II (Erweka, Germany) rotating at a speed of 50 rpm. Aliquots (5 mL) were taken from the dissolution medium after 0.5, 1, 2, 4, 6, 8, 12, and 24 hours; FLB content was analyzed using high-performance liquid chromatography with an ultraviolet (UV) diode array detection (HPLC-DAD) method developed and validated in our laboratory in terms of linearity, accuracy, and precision. High-performance liquid chromatography (HPLC) Agilent 1200 system with diode array detector was used. The system was equipped with an auto-sampler, a quaternary pump, and a column compartment (Palo Alto, CA, USA). The system was equipped with ChemStation software (Rev. B.01.03 SR2 (204)). Isocratic elution was employed at a flow rate of 0.6 mL/min. The utilized mobile system comprised acetonitrile/water containing 0.1% formic acid (9:1). A volume of 5 µL was injected on a Zorbax Extend C18 column (4.6\*150 mm, 5 µm) for LC-DAD analysis. The detection wavelength was 260 nm. The concentration of FLB in the injected samples was calculated with reference to the constructed calibration curve at 260 nm.[@CIT0031]

In vivo Study {#S0002-S2008}
-------------

### Study Protocol {#S0002-S2008-S3001}

The pharmacokinetic performance of the optimized FLB-NLC in situ nasal gel was studied in male Wister rats (n=84), weighing between 200--250 g compared to raw FLB in situ nasal gel. The study procedure has been approved at the King Abdulaziz University, Kingdom of Saudi Arabia Research Ethics Committee with approval no. (PH-124-41); The panel guarantees that animals use in compliance with the European Union Directive 2010/63/EU on animal welfare and the Guiding Principles on animal welfare. (DHEW publication NIH 80--23). The animals were maintained in a restricted-access room with controlled temperature (23°C) and light--dark cycle (12 hours--12 hours) and were housed in rack-mounted cages with a maximum of four rats per cage. Rats were allowed to drink and feed *ad libitum*. The experimental animals were divided into two groups (I and II). Each animal received a FLB dosage of 10 mg/kg intranasally as follows: Group I, the positive control group that received raw FLB in situ nasal gel and group II, the treatment group that received optimized FLB-NLCs in situ nasal gel. Blood samples (0.25 mL) are collected from the tail vein at 0, 0.5, 1, 2, 3, 6, and 8 hours after the administration of FLB. The blood samples were centrifuged at 5000 rpm for 5 minutes to obtain plasma. At each time interval, six animals were euthanized by cervical dislocation and brains were collected, and homogenized with phosphate buffer saline (pH 7.4) at 7000 rpm for 2 minutes. The separated plasma and the homogenized brain samples were stored at −80°C until analysis.

For histopathological evaluation, 12 rats were divided into four groups, gp1, of untreated rats; gp 2, for plain in situ gel without drug, gp 3 for raw FLB in-situ gel, and gp 4 for optimized FLB-NLCs in situ gel. The same dosing procedure previously described in the pharmacokinetics study was utilized. After 8 hours, histopathological examination was conducted according to the method of Young.[@CIT0032] In brief, the head was removed, and the brain and jaw were removed from the head along with any other listed tissues. The nasal cavity was initially ﬁxed in a solution of 10% formalin and then decalciﬁed in a solution of 10% EDTA. The tissue was then placed in 70% ethanol before being embedded in parafﬁn, sectioned, and stained with hematoxylin and eosin stain prior to microscopic visualization.

### FLB Assay in Plasma {#S0002-S2008-S3002}

A specified volume of plasma or brain homogenate was transferred to a screw-capped test tube, mixed with 50 μL internal standard solution (valsartan, 625 ng/μL) and 1 mL acetonitrile. The prepared mixture was vortexed for 1 minute, and then centrifuged at 5300 rpm for 8 minutes. An aliquot of about 500 μL of the clear supernatant was transferred to a total recovery autosampler vial, and a volume of 7 μL was injected for LC-MS/MS-DAD analysis. The MS system was connected to an HPLC- Agilent 1200 system equipped with an autosampler, a quaternary pump, and a column compartment (Palo Alto, CA, USA). The system was equipped with ChemStation software (Rev. B.01.03 SR2 (204)). The IT--MS was controlled using 6300 series trap control version 6.2 Build No. 62.24 (Bruker Daltonik GmbH), and the general MS adjustments were: capillary voltage, 4200 V; nebulizer, 37 psi; drying gas,12 L/min; desolvation temperature, 330°C; ion charge control (ICC) smart target, 200,000; and max accumulation time, 200 milliseconds (ms). The MS scan range was 50--550 m/z. For quantitative monitoring, single positive molar ion mode was applied at a programed time segment, 0--4.0 min, m/z 391.2 \[M^+^H\]^+^ FLB; 4.0--10 min, m/z 436.3 \[M^+^H\]^+^ internal standard. Isocratic elution was conducted at a flow rate of 0.5 mL/min with a mobile system composed of 52% acetonitrile and 48% water containing 0.1% formic acid FLB content in the assayed samples was quantified with reference to a calibration curve that was constructed in the range of 1--1000 ng/mL.

### Data Analysis {#S0002-S2008-S3003}

Kinetica™ software (Version 4; Thermo Fisher Scientific, Waltham, MA, USA) was used to compute the maximum plasma concentration (C~max~), and area under the plasma concentration-time curve (AUC~0-∞~), and time to maximum plasma concentration (T~max~). Both C~max~ and AUC~0--∞~ were expressed as mean±standard deviation, while T~max~ was presented as median.

Statistical analysis of the measured plasma concentrations and the computed parameters was performed using Prism^®^ (version 8.4.0, GraphPad Software Inc., La Jolla, CA, USA) at 95% level of significance. Two-way ANOVA followed by Sidak's multiple comparisons test was applied to analyze the plasma concentrations. The determined C~max~ and AUC~0--∞~ were statistically analyzed using unpaired *t*-test with Welch's correction, while T~max~ was analyzed using the nonparametric Mann--Whitney *U*-test (Wilcoxon rank sum test) at *P*\<0.05.

Results and Discussion {#S0003}
======================

Preparation of FLB-NLCs {#S0003-S2001}
-----------------------

Hot emulsification--ultrasonication method was used for the preparation of FLB-NLCs. It is worthy to note that a prior study was conducted to test for FLB stability at the lipid melting point for a period long enough to form the proposed NLCs. The study confirmed no drug degradation under the testing conditions (data not shown). Compritol^®^ 888ATO and almond oil were selected based on their reported successfulness for the preparation of NLCs. The used lipid materials are known for their good biocompatibility and biodegradability; in addition, almond oil has a good safety profile being a natural oil. Many researchers have reported the use of these lipids for the formulation of NLCs in previous studies.[@CIT0033],[@CIT0036] L-phosphatidyl choline was utilized as an amphiphilic surfactant to enhance the stability of the NLCs, in addition, the combination of hydrophilic and lipophilic surfactants is reported to cause reduced particle sizes in comparison to using either alone.[@CIT0037]

Experimental Design {#S0003-S2002}
-------------------

A three-level Box--Behnken design was employed for formulation and optimization of FLB-NLCs with minimized particle size. Box--Behnken is an independent, rotatable, or nearly rotatable three-level response surface design that is widely utilized for optimization in pharmaceutical research.[@CIT0038] The experimental runs composition is determined according to the combinations at the center midpoints of edges of design space. The adequate model for expressing a response is based on maximizing determination coefficient R^2^, in addition, the values of R^2^ and adjusted R^2^ should be close to each to ensure the validity of the model to explore the design space. Pareto charts were generated to illustrate the effect of the experimental variables on the measured response (particle size).

Effect on Particle Size {#S0003-S2003}
-----------------------

The particle size is a crucial parameter for nanocarriers, as it has a significant impact on its biopharmaceutical characteristics including release pattern, absorption, and distribution in the biological system.[@CIT0039] The measured particle size ranged from 65±0.98 to 287±4.45 nm indicating that the prepared NLCs were within the nano-size range ([Table 2](#T0002){ref-type="table"}). In addition, the small standard deviation obtained indicates the homogeneity of the dispersions. The observed small size has an important role in enhancing the permeation via the nasal mucosa directly to the brain, in addition to facilitating crossing the BBB. Regression analysis of the particle size revealed that the data is best fitted to the quadratic model based on its highest R^2^ and adjusted R^2^ ([Table 3](#T0003){ref-type="table"}). The model was statistically significant at a 95% confidence level. The polynomial equation representing the quadratic model was generated as indicated in equation (1).Table 3Statistical Analysis Output of the Measured Particle Size of FLB-NLCs, The Composition of the Optimized Formulation, and Its Predicted and Observed ResponseFactorOptimum LevelLow LevelHigh LevelX**~1~**0.8990.60.9X**~2~**0.10.10.4X**~3~**4.971.05.0**ResponsePredictedActualResidualNLCs particle size (nm)**110.49114.634.1 (3.72%)**Statistical analysis output of NLCs particle sizeR^2^Adjusted R^2^SEEMAE**0.94740.85261.52810.422***P*-valueX~1~X~2~X~3~X~1~X~2~X~2~^2^X~2~X~3~**0.00010.00050.00040.00580.01540.0126[^3]

FLB NLCs SIZE = 575.553--605.0\*SL + 695.741\*LL - 14.25\*ST + 118.519\*SL\^2 −444.444\*SL\*LL + 10.8333\*SL\*ST - 281.481\*LL\^2 - 22.5\*LL\*ST - 0.395833\*ST\^2 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... .... (1)

Analysis of variance (ANOVA) revealed a significant negative effect for both SL% (X~1~) and the ST (X~3~) on NLCs size with *P*-values of 0.0001 and 0.0004, respectively, as shown in [Table 3](#T0003){ref-type="table"} and in the Pareto chart ([Figure 1](#F0001){ref-type="fig"}). In contrast, a significant positive effect was observed for the LL% (X~2~) with *P*-value of 0.0005. In addition, the quadratic term X~2~^2^ corresponding to the LL%, and the interaction terms corresponding to the interaction between LL% and either SL% (X~1~X~2~) or ST (X~2~X~3~) were found to be significant at the tested significance level.Figure 1Standardized Pareto Chart for the particle size of flibanserin nanostructured lipid carriers (FLB-NLCs).

The contour plot for the effect of the investigated variables on the NLCs size illustrated in [Figure 2](#F0002){ref-type="fig"} shows that the particle size of the prepared FLB-NLCs significantly decreases with increasing SL and decreasing LL content of the nanocarriers, ie, the particle size decreases with increasing SL:LL ratio at a constant total lipid phase content. This result is in agreement with previously reported results. Upon investigating the effect of solid-to-liquid lipid ratio on properties of curcumin nanostructured lipid carriers prepared using Compritol^®^ and Labrafac^®^, Snagsen et al[@CIT0040] reported a particle size increase with increasing liquid oil amount. Furthermore, Mishra et al[@CIT0035] reported the lowest NLCs size at the highest solid-to-liquid lipid ratio for carvedilol nano lipid carriers prepared using stearic and oleic acid as solid and liquid lipids, respectively. Higher LL concentration could facilitate lipid coalescence and increase the size of the produced vesicles. The LL induce size growth through disruption of the NLCs wall.[@CIT0041] In addition, swelling of the NLCs wall due to increased LL content may result in increased NLCs size.[@CIT0042]Figure 2Contour plot for the effect of solid lipid % (X~1~), liquid lipid % (X~2~), and sonication time (X~3~) on the particle size of flibanserin nanostructured lipid carriers (FLB-NLCs).

It was evident that increasing sonication time (ST) from led to a significant reduction in the particle size, as depicted in [Figure 2](#F0002){ref-type="fig"}. A similar result was found by Ghaderi et al,[@CIT0043] who reported a significant reduction in the particle size of gammaoryzanol nanoparticles upon increasing ultra-sonication time up to 5 minutes. In addition, Lasoń et al[@CIT0044] reported a significant decrease in the size of NLCs with increasing ultra-sonication time. This effect could be credited to the cavitation (compression) forces generated by the passage of the ultrasonic waves through the dispersion. These forces could lead to fractionation of the particles and reduction of their size.[@CIT0045] In addition, The effect of surfactant on lipid carrier particle size has been previously reported.[@CIT0046],[@CIT0048] The previous investigations revealed that the surfactant hinders lipid particles aggregation through reduction of the surface tension and stabilization of the newly formed surfaces. The surfactant's surface-active potential enhances lipid particles stability and enables reduction of the particle size.

Characterization of Optimized FLB-NLCs {#S0003-S2004}
--------------------------------------

In order to explore the shape of the optimized FLB-NLC, transmission electron microscopic analysis was performed. As indicated in [Figure 3](#F0003){ref-type="fig"}, the NLC showed almost spherical mono-dispersed appearance with no lumping or adherence. The image revealed uniform size distribution of NLC, and the observed diameter was consistent with the results obtained by dynamic light scattering size measurements. In addition, the PDI of the optimized formulation was found to be 0.241±0.052. Further, the zeta potential was found to be 8.4±1.22 mV.Figure 3Transmission electron microscope (TEM) of optimized flibanserin nanostructured lipid carriers (FLB-NLCs) with 30,000X magnification.

The optimized formulation exhibited adequate dispersion with no significant difference in the particle size after subjection to freeze--thaw cycles during stability testing.

Characterization and in vitro Release of FLB-NLC in situ Gel {#S0003-S2005}
------------------------------------------------------------

At the used gellan concentration, the prepared gel formulation showed adequate viscosity that allows easy installation into the nose as a liquid. After addition of SNF, this viscous solution was transformed into gel as evidenced by the increased gelling factor. The observed gelation that might be credited to cross-linking effect of the cations present in the SNF on the gellan gum helices could provide an improved drug residence time in the nasal cavity.[@CIT0049]

In vitro release profile of FLB-NLC in situ nasal gel compared to raw FLB in situ gel in simulated nasal fluid, PH 6.5 is graphically illustrated in [Figure 4](#F0004){ref-type="fig"}. It was evident that FLB-NLC in situ gel exhibited enhanced drug release compared to raw FLB control gel with almost complete drug release (about 94%) after 8 hours. Release efficiency after 8 hours (RE~8h~) computed for FLB-NLC gel (74.41%±3.43) was significantly higher than that computed for the control gel (26.67%±1.49) at *P*\<0.05, confirming the ability of the proposed formulation to provide improved drug release. It is worthy to note that FLB is a water insoluble drug; accordingly, the in-situ gel matrix could have two possible mechanisms in hindering the drug release into aqueous medium. The first mechanism is the increased viscosity of the in-situ gel matrix that hinders or reduces the diffusion of FLB. The second mechanism is the formation of an insoluble gel matrix that could favor the residence of raw FLB crystals within the matrix.Figure 4In vitro release profile of optimized flibanserin nanostructured lipid carriers (FLB-NLCs) in situ nasal gel compared to raw FLB in situ gel in simulated nasal fluid, pH 6.5 at 35°C (results presented as mean±SD, n=3).

According to the highest coefficient of determination (R^2^), kinetic analysis of FLB-NLC gel release profile showed that drug release data is best fitted to the Weibull model. The computed shape parameter (*β*) was 0.71, indicating that the main mechanism of drug release is Fickian diffusion combined with case II transport.[@CIT0050],[@CIT0051]

In vivo Assessment {#S0003-S2006}
------------------

FLB concentrations spiked in plasma and brain homogenate were linearly correlated with the peak area ratios, with coefficients (R) of 0.9992 and 0.9984, respectively. The used assay depicted an acceptable precision with relative standard deviation (RSD) being in the range of 4.3--7.1% and 7.1--8.9% for the intra-day assay and the inter-day assay, respectively. The FLB-spiked plasma and brain samples showed that the mean extraction recovery was 94.8±5.4% to 92.6±7.6%, respectively. Mean concentrations of FLB in rats' plasma and brain following intranasal administration of optimized FLB-NLC and raw FLB in situ gels are graphically illustrated in [Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}. Compared to raw FLB gel, the optimized FLB in situ gel demonstrated significantly higher C~max~ and AUC in both plasma and brain (*P*\<0.05), while no significant difference was observed for T~max~, [Table 4](#T0004){ref-type="table"}.Table 4In vivo Pharmacokinetic Parameters Following Intranasal Administration of Optimized FLB-NLC in situ Gel Compared to Raw FLB in situ Control GelPharmacokinetic ParameterPlasma DataBrain DataRaw FLB in situ gelFLB-NLC in situ gelRaw FLB in situ gelFLB-NLC in situ gel**C~max~ ^&^**\
(ng/mL, plasma)\
(ng/g, brain)98.20±11.6338.80±46.7^\#^8.11±1.2328.11±3.28^\#^**AUC~0-∞~ ^&^**\
(ng.h/mL, plasma)\
(ng.h/ng, brain)255.33±33.2805.72±108.3^\#^30.38±5.34192.75±18.65^\#^**T~max~** (h) ^\$^0.50.53.04.0**Relative bioavailability (%)**--315.56--634.46[^4][^5] Figure 5Mean (**A**) plasma concentrations and (**B**) brain concentrations versus time of flibanserin (FLB) in rats after nasal administration of flibanserin nanostructured lipid carriers (FLB-NLCs) in situ gel compared to control raw FLB in situ gel at a dose of 10 mg/kg. Results presented as mean±SD, n=6. \*Significant at *P*\<0.05, Sidak's multiple comparisons test.

The observed higher absorption extent from optimized FLB in situ gel compared to the raw FLB gel could be ascribed to the enhanced solubility and permeability of the drug by the lipidic nature of the carrier. FLB taken intranasally is delivered along the olfactory nerves, either extracellular or intracellular, in the olfactory region (upper region) of the nasal cavity passages to the central nervous system (CNS).[@CIT0052],[@CIT0053] The extracellular mechanism includes the enhanced flow of FLB molecules among nasal epithelium cells. This mechanism enhanced the delivery of FLB to the olfactory bulbs and the CNS (within few minutes) after the intranasal administration of optimized FLB formula.[@CIT0054],[@CIT0056] Furthermore, the intracellular mechanism includes the endocytosis mechanisms or passive diffusion of FLB molecules within the olfactory receptor neuron that is followed by the slow (within several hours) FLB axonal transport to the olfactory bulbs and the other brain areas.[@CIT0054],[@CIT0057] Also, it is reported that part of the trigeminal nerve ends in the olfactory bulbs.[@CIT0058] Accordingly, there is a possibility that FLB intranasally administered from the optimized formula could reach the olfactory bulb and other rostral brain areas through trigeminal pathways. Furthermore, the improved FLB brain delivery could be attributed to enhanced absorption and permeation as a result of reduction in the nasal mucociliary clearance, P-gp efflux transporters modulation, and paracellular transport.[@CIT0059],[@CIT0060] Finally, the elevated concentration of the drug in the brain highlights the potential of the NLC to improve the brain delivery of the drug by virtue of their nanosize and their lipid content that enhances the passage of the drug molecules directly across the BBB through nasal olfactory region.

Histopathological images of the nasal mucosal tissue showed a normal nasal wall with normal intact epithelial lining (black arrow), average submucosa with average blood vessels, average submucosal cellularity (yellow arrow), and average nasal cartilage (white arrow), which indicate no increasing in submucosal cellularity or tissue up normality in all groups, as represented in [Figure 6](#F0006){ref-type="fig"}. These observations revealed the absence of any pathological signs of epithelial damage or hyperplasia, edema, or inflammatory infiltration, indicating the safety and biocompatibility of the optimized formulation. It is worthy to note that the selection of NLCs was based, in addition to its advantages as a drug carrier, on the avoidance of organic solvent use during NLCs preparation. Avoidance of organic solvents use ensures the safety of the formula as the components are previously reported for their bio-compatibility.[@CIT0061],[@CIT0062]Figure 6Histopathological images of the nasal mucosal tissue stained with H&E (x200). (**A**) Control untreated group, (**B**) plain in situ gel group, (**C**) raw FLB loaded in situ gel group, and (**D**) optimized FLB-NLC in situ gel.

Conclusion {#S0004}
==========

Compritol^®^/almond oil-based FLB-NLCs were successfully prepared and optimized using Box--Behnken design. The particle size of the NLCs was significantly affected by solid lipid%, liquid lipid%, and sonication time. The optimized formulation selected based on minimized particle size showed spherical mono-dispersed morphological characteristics with adequate stability. The optimized formulation integrated into gellan gum in situ gel showed enhanced drug release compared to raw FLB control gel. In vivo pharmacokinetic assessment in rats demonstrated higher plasma and brain concentrations of FLB from in situ gel integrating optimized NLC compared to raw FLB in situ gel. According to these results, the proposed optimized FLB-NLC in situ gel could be utilized as a potential delivery system to enhance the nose to brain delivery of the drug and circumvent its poor oral bioavailability.
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[^1]: **Abbreviation:** FLB-NLCs, flibanserin nanostructured lipid carriers.

[^2]: **Abbreviation:** FLB-NLCs, flibanserin nanostructured lipid carriers.

[^3]: **Abbreviations:** SEE, standard error of estimate; MAE, mean absolute error; FLB-NLCs, flibanserin nanostructured lipid carriers.

[^4]: **Notes:** ^&^Data represent the mean value±standard deviation (SD), n=6. ^\$^Data represent the median. ^\#^Significant at *P*\<0.05, unpaired *t*-test (two-tailed) with Welch's correction compared to raw FLB gel.

[^5]: **Abbreviation:** FLB-NLCs, flibanserin nanostructured lipid carrier.
